Sexual reproduction which involves alternation of meiosis and syngamy is the 9 ancestral condition of extant eukaryotes. Transitions to asexual reproduction 10 were numerous, but most of the resulting eukaryotic lineages are rather short-11 lived. Still, there are several exceptions to this rule including darwinulid 12 ostracods 1,2 and timema stick insects 3 . The most striking of them is bdelloid 13 rotifers 4-6 , microscopic freshwater invertebrates which underwent an extensive 14 adaptive radiation after apparently losing meiosis over 10 Mya. Indeed, both the 15 lack of males in numerous bdelloid species and the lack of proper homology 16 between chromosomes 6 rule out ordinary sex. However, this does not exclude the 17 possibility of some other mode of interindividual genetic exchange and 18 recombination in their populations 7 . Recent analyses based on a few loci 19 suggested genetic exchanges in this group 8, 9 , although this has been 20 controversial 10 . Here, we compare complete genomes of 11 individuals from the 21 wild population of the bdelloid rotifer Adineta vaga, and show that its genetic 22 structure, which involves Hardy-Weinberg proportions of genotypes within loci 23 and lack of linkage disequilibrium between distant loci, is incompatible with 24 strictly clonal reproduction. Instead, it can emerge only under ongoing 25 recombination between different individuals within this species, possibly through 26 transformation. Such a genetic structure makes the population immune to 27
Even in the absence of recombination, the observed LD decay could arise 78 artefactually. First, it might be caused by erroneous mapping of reads to paralogous 79 regions. However, the decay persists in subsets of polymorphic loci covered by long 80 blocks of collinear genes 22 (Extended Data Fig. 2a ), making this explanation unlikely. 81
Second, it could arise due to phasing errors, including those arising from PCR 82 template switching. To minimize the likelihood of this, we filtered the phased 83 haplotypes aggressively (Methods; Supplementary Methods VI), and found that the 84 rate of LD decay was virtually independent of the severity of filtering 85 (Extended Data Fig. 2b ). Still, residual phasing errors are conceivable. To ensure that 86 the LD decay is not explained by them, we independently assessed it from unphased 87 genotype data using two different approaches: inferring haplotypes from variable 88 homozygous sites (Fig. 2b) or estimating LD directly from correlations between 89 genotypes ( Fig. 2c ; Supplementary Methods VII). LD decay was observed in both 90 these analyses. As these approaches do not rely on phasing, the observed decline of 91 LD with distance between sites is not due to phasing errors. 92
Finally, LD decay could arise due to gene conversion between allelic regions.
93
Gene conversion has been previously proposed to inflate the rate of LD decay 94 between tightly linked loci in humans 23, 24 , and it has been suggested to act within 95 diploid loci of a single A. vaga individual 6 . In the classical Hudson's four-gamete 96 test 25 , the presence of all four possible types of haplotypes for a pair of biallelic 97 polymorphic loci within a population is interpreted as evidence for recombination, 98 because recurrent mutations are unlikely. However, a mutation followed by gene 99 conversion would suffice to explain the presence of all four haplotypes without 100 assuming genetic exchange between homologous regions (Fig. 2d) . Nevertheless, the 101 action of within-locus gene conversion can only produce a homozygous genotype 102 from a heterozygous one, but not vice versa. Therefore, it cannot produce a pair of 103 individuals, each heterozygous at two loci, carrying all four haplotypes ( Fig. 2e ; 104
Supplementary Methods VIII); while such a pair can obviously arise through 105 recombination involving genetic exchanges between individuals. We find that among 106 the pairs of SNPs each heterozygous in two individuals, the fraction of those giving 107 rise to all four possible haplotypes in these individuals is low when these SNPs are 108 positioned nearby, but increases rapidly with the physical distance between SNPs 109 ( Fig. 2f, g To address this possibility, we analyzed the patterns of variation within 116 individual biallelic SNPs. Under obligate asexual reproduction, two alleles at a locus 117 accumulate mutations independently of each other. In a finite population, this creates 118 a major excess of heterozygotes relative to the Hardy-Weinberg expectation 26, 27 . By 119 contrast, within-locus gene conversion obviously creates an excess of homozygotes. 120
In our data, 97% of biallelic SNPs did not display significant deviations from the 121
Hardy-Weinberg equilibrium (exact test, P > 0.05; Methods; Supplementary Methods 122 XI), and this fraction was even higher when only the genomic regions with 123 high-confidence ploidy were considered (97.4% and 97.5% for allelic regions and 124 alleles respectively; Supplementary Table 8 ). The distribution of the 125 observed-to-expected ratios for the number of homozygous genotypes was 126 concentrated around 1 (median = 1.0, mean = 0.989; Fig. 3a ; Supplementary shown as a black dot and a red horizontal bar respectively. a, r 2 was calculated using 251 biallelic sites residing within the segments of the reference genome where haplotypes 252 had been reconstructed for all the individuals forming the large cluster (L4-L11). 253 b, Estimates of r 2 based on the unphased genotype data were obtained using biallelic 254 sites homozygous in all genomes forming the large cluster. c, Linkage disequilibrium 255 is expressed as the squared correlation coefficient between genotypes. Squared 256 correlation coefficients were computed for comparisons of 10,000 randomly drawn 257 biallelic sites versus the remaining segregating biallelic sites. SNP pairs were 258 subdivided by distance into bins of 10 bp; the displayed data are for the bins with correlations between all pairs of individuals L4-L11 see Supplementary Table 13.  465  466  467  468  469  470  471  472  473  474  475 The exact numbers of paired-end reads generated for each culture and the resulting 550 coverage are presented in Supplementary Table 1 . 551
Additionally, we sequenced one of the lineages, L1, on the MiSeq platform to 552 produce a high-quality de novo genome assembly (see section «Reference genome 553 assembly and filtration»). To minimize any bias in the way different samples were 554 analyzed, the MiSeq reads obtained for L1 were used only for assembly of the A. vaga 555 reference genome. Variant calls for the lineage L1 were produced in the same way as 556 for the rest of the samples, using alignments of 2×100 bp HiSeq reads. 557 558
Removal of adapter sequences and quality trimming 559
We used Trimmomatic 44 V0.33 to remove adapter sequences and perform 560 quality trimming on raw sequencing reads. The parameters for quality trimming were 561 set to "LEADING:20 TRAILING:20 SLIDINGWINDOW:5:20". Reads shorter than 562 50 bp were discarded. The numbers of reads left after adapter and quality filtering for 563 each individual are presented in Supplementary Table 1 . We performed quality 564 control checks on the reads with FastQC v0.11.3 565 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 566 567
Reference genome assembly and filtration 568
The first genome of a bdelloid rotifer, A. vaga, was published in 2013 6 . 569
However, we found that the sequence identity of our A. vaga genomes to the 570 published genome was only ~88% (Supplementary Table 3) , which prevented us from 571 using the published genome as a reference. This finding is in line with previous 572
reports showing that morphological species of bdelloid rotifers frequently comprise 573 complexes of divergent cryptic species 45 .
574
To obtain a genome assembly which could be used as a reference, we 575 additionally sequenced one of our cultures, L1, on the MiSeq platform, which made it 576 possible to generate a high-quality de novo genome assembly (Supplementary Table  577 2). For this purpose, we generated a separate Illumina library for L1 and sequenced it 578 on the MiSeq system with Miseq reagent kits v.2 or v.3. Three sequencing runs were 579 performed, yielding the totals of 10,172,970 (2×301 bp), 15,397,651 (2×251 bp) and 580 20,061,190 (2×261 bp) reads. Trimming of low-quality bases and adapter removal 581 was performed using Trimmomatic 44 V0.33 with the parameters for quality trimming 582 set to "LEADING:20 TRAILING:20 SLIDINGWINDOW:5:20". Reads shorter than 583 50 bp were discarded. The total of 34,403,183 reads left after these steps were used to 584 produce a de novo genome assembly.
585
Assembly of the L1 genome was carried out with SPAdes 46 (version: 3.6.0) 586 and based on the MiSeq reads. SPAdes was run in diploid mode (--diploid option) 587 without preliminary read error correction (--only-assembler option). K-mer sizes were 588 set to: -k 21,33,55,77,99,127. 589
The initial assembly had an N50 of 18 kilobases and contained 233.8 Mbp of 590 sequence in 51,852 contigs longer than 500 bp (Supplementary Table 2 ).
591
A bimodal distribution of the GC-content in the contigs suggested presence of 592 bacterial contamination. However, contaminant-derived contigs were easily 593 distinguished from the target A. vaga contigs by a significantly lower coverage and 594 higher GC-content (Extended Data Fig. 1 ). Taxonomic classification of the initial 595 contigs was performed with the Blobology pipeline 42 according to best BLAST 47 hit 596 of a contig to nt database with E-value cutoff set to 1e-5. Taxon annotated GC-597 coverage plots 42 were created with the modified R script (makeblobplot.R) provided 598 as a part of the Blobology pipeline. Coverage of contigs was estimated from 599 alignments of the MiSeq reads used in the assembly as well as from alignments of the 600
HiSeq reads obtained from sequencing of the initial Illumina library constructed for 601 the lineage L1.
602
The resulting taxon annotated GC-coverage plots were used to partition the 603 contigs into sets of target and contaminant contigs (Extended Data Fig. 1 ). Assessing 604 coverage of the contigs from the HiSeq reads, which were not used in the assembly, 605 resulted in better discrimination between the target and contaminant contigs (not 606 shown).
607
To filter out contaminant sequences, we first removed from the assembly all 608 contigs with GC-content ≥ 0.5 or coverage with HiSeq reads < 4. To ensure that the 609 final assembly comprised only contigs truly originating from A. vaga, we performed a 610 BLAST 47 search with the pre-filtered set of contigs against the published A. vaga 611 genome 6 . BLAST searches were performed with blastn from BLAST+ 2.2.31 with the 612 following parameters: -evalue 1e-10 -outfmt "6 qseqid sseqid pident length mismatch 613 gapopen qstart qend sstart send evalue bitscore qlen slen" -task dc-megablast. 614
Only contigs with at least one dc-megablast hit to the published assembly with 615 E-value ≤ 1e-100 and the minimal alignment length of 500 base pairs were retained. Coverage profile for all mapped reads (+23% of reads that mapped to multiple loci, 648 61 million of total mapped reads) was assessed with a custom script using alignments 649 produced by STAR. To compile the final set of intron and exon part hints for 650 AUGUSTUS, we combined predictions of splice junctions with the coverage profile 651 and filtered poorly supported junctions using a custom Python script (splice junction 652 support cut-off > 1 unique reads, exonpart support cut-off > 5X coverage). 653
GeneMark.ES was run to obtain a set of initial gene predictions. These predictions 654
were ranked by blastp alignment quality (E-value, query coverage, gaps, positives), 655
and 500 top-scoring models were used to generate the training set for AUGUSTUS. 656 Species model was trained and then used to generate the final hinted predictions with 657 AUGUSTUS. All predicted models (from AUGUSTUS and from GeneMark.ES) 658
were combined together and scored according to the blastp alignment score and 659 support from RNA-seq reads. To get rid of chimeric genes and mispredicted gene 660 fragments, best gene models were selected at each locus. The initial set of predictions 661 comprised 78,303 gene models originating from 75,877 loci.
662
We performed a quality check on the initial gene predictions, discarding gene 663 models with putative annotation errors and those likely corresponding to incomplete 664 genes. First, we removed annotations at the contig boundaries, which left us with 665 72,406 out of 78,303 gene models. Next, we checked CDS regions of each gene 666 model, excluding a gene model from further analyses if the length of the 667 corresponding CDS was not in multiple of three (n = 6,919).
668
We further filtered out gene models if the corresponding CDS carried a 669 premature stop codon (n = 691) or was lacking a canonical termination codon 670 (n = 1,426). A total of 63,370 gene models originating from 61,531 loci (genes) 671 remained after these filtering steps. For each locus, the longest transcript among those 672 that passed all filters was retained, providing a total of 61,531 gene models which 673
were used in downstream analyses.
674
We transferred the filtered gene models predicted in the diploid assembly to 675 the coordinate system of the haploid sub-assembly, retaining only those gene models 676 that were fully contained within the haploid segments. Gene models partially 677 overlapping with haploid segments were discarded. This procedure yielded 23,802 678 gene models with coordinates mapped to the coordinate system of the haploid sub-679 assembly. The filtering and conversion of gene coordinates between assemblies were 680 performed with custom Perl scripts. 681 682
Identification of allelic regions and allelic genes 683
To obtain a subset of the A. vaga genome with high-confidence ploidy, we 684 identified genomic regions that could be assigned into pairs of highly similar 685 segments with conserved gene order. We initially searched for collinear groups of 686 genes within the assembled A. vaga reference genome using MCScanX 22 with 687 E-value cut-off at ≤ 1e-05. MCScanX was run on the results of all-versus-all blastp 688 search of the proteins predicted in the initial assembly. BLAST results were restricted 689 to hits with E-value ≤ 1e-10 with the maximum number of target sequences to output 690 per query sequence set to 5.
691
To focus on the genomic regions for which ploidy could be inferred with high 692 certainty, we extracted the subset of "allelic regions" defined as collinear blocks with 693 a high degree of collinearity (fraction of collinear genes in a block ≥ 0.7) and low 694 synonymous divergence between haplotypes (average Ks ≤ 0.2). Coordinates of 695 allelic regions were mapped into the coordinate system of the haploid sub-assembly, 696
and only those regions that were fully contained within boundaries of the haploid 697 contigs were retained. Additionally, we delineated the subset of "allelic genes" 698 composed of collinear gene pairs embedded in allelic regions. with the parameters "-aa -u -t DP,AD,ADF,ADR" followed by the command 717 "bcftools call" with the "-m" option. The obtained raw genotype calls were subjected 718 to stringent filtering as follows. We excluded sites 1) within 10 bp of an indel, 2) with 719 missing genotypes or QUAL value < 50, 3) located on contigs from the haploid sub-720 assembly shorter than 1,000 bp, 4) within repetitive regions, 5) with low coverage 721 (DP<10 in any of the samples), 6) with an extremely high depth of coverage, or 7) 722 within the windows that were outliers for SNP density. Filtering was carried out using 723 combinations of BCFtools v. To detect incongruent groupings of haplotypes which are likely to be the result 818 of genetic exchanges, we used the same set of 262 phased genomic segments 819 harboring at least 20 non-singleton SNPs simultaneously phased in all individuals L4-820 L11 that was used to detect recombination (see section "Signatures of recombination 821 within individual phased genomic regions"). These segments were distributed 822 between 221 contigs belonging to the original assembly and spanned a total of 823 260,204 base pairs. For each such segment, we reconstructed sequences of the two 824 haplotypes in each individual based on the corresponding sequence from the haploid 825 sub-assembly and the set of phased non-singleton SNPs using BCFtools v.1.4.1. Only 826 non-singleton SNPs that satisfied all filtering criteria and were simultaneously phased 827 in L4-L11 were used to reconstruct haplotypes; the remaining sites were treated as 828 monomorphic.
829
For each of the two haplotypes within each individual L4-L11, we computed 830 the nucleotide distance (proportion of nucleotide differences) to the other haplotype 831 within the same individual and to each haplotype in all other individuals. For each 832 haplotype, we then identified the closest haplotypic counterpart in other individuals.
833
To test the robustness of this matching, we compared the number of nucleotide 834 differences between the haplotype and its closest (N1) and second closest (N2) 835 counterpart. The haplotype was defined as having an unambiguous closest counterpart 836 if the difference between N2 and N1 was 3 SNPs or more (N2-N1≥3).
837
To detect cases when the two haplotypes (H1 and H2) of a single individual 838 clustered with haplotypes from two different individuals, we selected, for each 839 individual, those phased segments where the closest counterpart was unambiguously 840 identified both for H1 and H2. Among those, we searched for cases when their closest 841 counterparts (H1´ and H2´) were found in two different individuals. Finally, we 842 retained only reciprocal best matches. That is, we required that H1 and H2 were also 843 identified as the closest counterparts of the haplotypes H1´ and H2´ respectively. 844
To exclude from consideration incongruent groupings of haplotypes that may be 845 caused by gene conversion, we further required the distances separating pairs of 846 identified haplotypic counterparts from different individuals (H1-H1´ and H2-H2´) to 847 be shorter than the distances separating the two haplotypes within the same individual 848 (for details see Supplementary Note).
849
In total, out of the 262 analyzed phased genomic segments, 79 exhibited 850 incongruent groupings of the two haplotypes at least in one individual. For each such 851 segment, we built an unrooted phylogenetic tree using maximum likelihood method in 852 PhyML 41 under the GTR+G model (four substitution rate categories, the gamma 853 shape parameter estimated from the data) with 500 bootstrap trials. To check whether 854 incongruent groupings of the two haplotypes were reliable, we parsed the resulting 855 phylogenetic trees using ETE 3 toolkit 61 . We searched for cases when incongruent 856 groupings of haplotypes H1-H1´ and H2-H2´ had strong bootstrap support (≥70%). In 857 total, 56 phased segments exhibited incongruent groupings of the two haplotypes at 858 least in one individual with strong bootstrap support.
859
The resulting numbers of segments with well supported incongruent groupings of 860 haplotypes for each individual are shown in Extended Data Fig. 4a , Extended Data Fig. 5a and Extended Data 925 Fig. 6 were obtained using the geom_smooth function from the package ggplot2. The 926 average GC-content of recombinant intervals was compared to average values of GC-927 content in 1,000 random samples of genomic intervals matched in number, length and 928 contig identity to the recombinant intervals; one-sided P value was obtained as the 929 fraction of 1,000 random datasets with an average GC-content lower or equal to the 930 average GC-content of the recombinant intervals .  931  932  933  934  935  936  937  938  939  940  941  942  943  944  945  946  947  948  949  950  951  952  953  954  955  956  957  958  959  960  961  962 
